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Abstract
Interstitials (carbon and nitrogen) are crucial alloying elements for optimizing the mechanical performance of the
twinning-induced plasticity (TWIP) steels in terms of the stacking fault energy (SFE). First-principles calculations
have been performed to study the effect of interstitial-induced lattice expansion on the SFE. Comparing the predictions
with the SFEs measured for alloys containing C and N, our results suggest that the dominant effect of these interstitials
on the SFE is due to the lattice expansion effect.
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The stacking fault energy (SFE, γ) of austenite is an im-
portant physical parameter for the transformation-induced
plasticity (TRIP) and twinning-induced plasticity (TWIP)
steels because it has a great influence on the plastic defor-
mation behavior. Extensive studies have been performed
to study the effects of composition, temperature, grain
size, strain rate, etc. on the SFE (see Ref.[1] and refer-
ences therein).
Carbon and Nitrogen are the key alloying elements
in optimizing the mechanical properties of TRIP/TWIP
steels. Summarizing the experimental results for the de-
pendence of the SFE on the C content in steels reveals
strikingly inconsistencies (see Fig.1 in Ref.[2]). Similarly,
controversial effects of N on the SFE in austenitic steels
are reported in literature. The addition of N was re-
ported to promote the martensitic (ǫ) transformation in
Fe-16Mn-(0.015 and 0.05)N (wt.%) steels which indicates
that N addition decreases the SFE [3]. In FeCrNi alloys,
N was often found to decrease the SFE (Ref.[4] and ref-
erences therein). In particular, the comprehensive study
performed by Schramm and Reed [5] indicated that N de-
creases the SFE by approximately 77 mJm−2 per wt.%.
In contrast to the above results, the addition of
0.05 to 0.23 wt.% of N to the austenitic Fe-13Cr-
19Mn steel led to an increase of SFE from 32 to
40 mJm−2, according to an transmission electron mi-
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croscopy (TEM) study by Petrov [6]. The SFE values
in Fe−18Cr−10Mn−0.2Si−0.03C−(0.39−0.69)N (wt.%)
steels were measured by Lee et al. and it was shown to
increase from 10.4 to 22.8 mJm−2 with increasing N con-
centration [7]. Jiang et al. [8] reported that the stacking
fault probability decreases with increasing N concentration
from 0 to 0.047 wt.% in Fe−30Mn−6Si−xN (wt.%) steels,
which suggests that N addition increases the SFE.
Non-monotonic alloying effects were also reported. For
example, Fujikura et al. found that the probability of the
stacking faults in Fe-18Cr-10Ni-8Mn-xN alloys decreased
at small N additions (0.2-0.3 wt.%) and increased at higher
N contents [9]. Gavriljuk et al. [4] investigated the effect
of N on the SFE in two different austenitic stainless steels.
The SFE in Fe−15Cr−17Mn−xN steels decreased from 26
to 20 mJm−2 with increasing N concentration from 0.23
to 0.48 wt.%, then increased to 40 mJm−2 when the N
concentration was 0.8 wt%. However, in Fe-18Cr-16Ni-
10Mn-xN steels, SFE increased from 43 to 65 mJm−2 with
increasing N concentration from 0.08 to 0.4 wt.%, then
decreased to 53 mJm−2 when the N concentration was
0.54 wt.%.
Theoretically, the composition dependence of the SFE
may be investigated by thermodynamic or first-principles
calculations. Within the thermodynamic approach, the
SFE is calculated based the Olson-Cohen model [10],
which separates the formation energy into contributions
from the Gibbs energy difference between the hexagonal
close-packed (hcp) and face-centered cubic (fcc) phases
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and the interfacial energy (σγ/ǫ) between the fcc and hcp
phases. The interfacial energy, however, has not been well
defined and has large uncertainty. Actually, the interfacial
energy is often adjusted to reach better agreement with the
experimental values [1]. Normally, the interfacial energy
is accepted in the range of 5−27 mJm−2. In particular,
Pierce et al. reported that the interfacial energy ranges
from 8 to 12 mJm−2 in the TRIP/TWIP steels and from
15 to 33 mJm2 in the binary Fe-Mn alloys [11].
The composition dependence of the SFE in steels has
been addressed in several previous studies using first-
principles methods [12–14]. Most of these theoretical stud-
ies focused on substitutional alloying elements (Ni, Cr, Co,
Nb, Mn, etc.) but the effect of intersitials on the SFE has
not yet been well established. The effect of C on the SFE
has been studied in a few recent works [15–17]. The effect
of N in the Fe-X (Fe-12Mn-xN) system was studied by
Kibey et al. [18] using ab initio methods and they found
that the SFE value increased linearly from -404 to 179
mJm−2 with increasing N concentration from 0 to 8 at.%.
This prediction is however far too large when compared to
the observations.
Most recently, the effect of N on the SFE was quanti-
tatively evaluated in Fe-15Mn-2Cr-0.6C-xN (wt.%) TWIP
steels using X-ray diffraction (XRD), neutron diffraction
(ND), and TEM measurements [3]. It was shown that the
SFE linearly increases up to 0.21% N and δγ/δcN was mea-
sured to be about 100 mJm−2 per wt.% N. Motivated by
this study, here we present a series of first-principles cal-
culations which provide a consistent basis to estimate the
concentration dependence of the SFE on C and N inter-
stitials in paramagnetic stainless steels. Previous studies
have shown that a proper description of the paramagnetic
structure is crucial for calculating the SFE. [12] The ad-
dition of interstitial elements to paramagnetic Fe alloys,
however, may induce complex magnetic changes [19, 20].
Here we simplify the problem and focus merely on the lat-
tice expansion effect due to the addition of interstitials.
Actually, the thermal lattice expansion has been recog-
nized as the main parameter influencing the temperature
dependence of SFE [21–23]. In particular, the SFE calcu-
lated at the experimental volume was shown to have bet-
ter agreement with experimental data [21, 22, 24]. Since
C and N have a strong effect on the volume of steels, it is
natural to consider the lattice expansion induced by inter-
stitials as one of the plausible mechanisms responsible for
the observed variations of the SFE.
The dependence of the SFE on the concentration of in-
terstitials can be expressed as
γ(cC,N) = γ0 +A× cC,N, (1)
where γ(cC,N) and γ0 are the SFEs with and without inter-
stitials, respectively. A ≡ δγ/δcC,N is the coefficient of the
linear relationship. cC,N is the concentration of C and/or
N in weight percentage. In the present work, the SFEs for
three alloys, Fe-22Mn, Fe-15Mn-2Cr and Fe-20Cr-8Ni, are
calculated at room temperature with respect to the lattice
parameter a. The calculated SFE values are fitted by a
linear function, viz.
γ(a) = γ′0 + α× a. (2)
The composition dependence of SFE is then established
through the measured linear lattice expansion coefficient
(β=δa/δcC,N) which is defined as
a(cC,N) = a0 + β × cC,N, (3)
where a(cC,N) and a0 are the lattice constants with and
without interstitials, respectively. Combining the above
expressions (2) and (3), we can simply estimate the effect
of lattice expansion by the interstitials on the SFE,
A ≈ α× β. (4)
The SFE is calculated using the so-called axial interac-
tion model (AIM) [25]. In the AIM, we take into account
interactions between layers up to the third nearest neigh-
bors (3rd order AIM) which for the intrinsic staking fault
energy yields
γ(3) = (Fhcp + 2Fdhcp − 3Ffcc) /S, (5)
where Fhcp, Fdhcp and Ffcc are the free energies for hcp,
double hexagonal close-packed (dhcp) and fcc structures,
respectively. S is area of the stacking fault. The contribu-
tion of electronic entropy and lattice vibrational entropy
at room temperature to the free energy were verified to
be relatively insignificant [12, 13] and thus are neglected
in the present work. Then, only the mean-field magnetic
entropy contribution (-T∆Smag) is included. Both the
hcp and dhcp lattices were assumed to have the ideal ax-
ial ratio (c/a=1.633) and the same volume per atom as
that of the fcc lattice. The paramagnetic state was de-
scribed by the Disorder Local Magnetic Moment (DLM)
approximation [26]. The total energies were calculated
using the exact muffin-tin orbitals (EMTO) method [27–
31] in combination with the coherent potential approxima-
tion (CPA) [32, 33]. The one-electron Kohn-Sham equa-
tions were solved within the scalar-relativistic approxima-
tion and the soft-core scheme. The self-consistent calcula-
tions were performed within the generalized gradient ap-
proximation proposed by Perdew, Burke and Ernzerhof
(PBE) [34]. For more calculational details, readers are
referred to Refs. [22, 35, 36].
In Fig. 1, we plot the calculated SFE at room tempera-
ture for Fe-22Mn, Fe-15Mn-2Cr and Fe-20Cr-8Ni alloys as
function of the lattice constant. Explicitly, the calculated
SFEs for Fe-22Mn and Fe-15Mn-2Cr are larger than the
experimental values [3] (by ∼10 mJm−2) and previous the-
oretical results at room temperature [21]. This difference
may be ascribed to the neglected thermal spin fluctuation
[21, 22] and lattice relaxation [37, 38]. For Fe-20Cr-8Ni,
the calculated SFE at room temperature agrees well with
the previous theoretical and experimental data [12, 14, 22].
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Figure 1: (Color online) The calculated SFEs for para-
magnetic Fe-22Mn, Fe-15Mn-2Cr and Fe-20Cr-8Ni alloys
with respect to the lattice constant. Results are shown for
the room temperature.
For all three alloys, the SFE increases linearly with the lat-
tice constant within the present volume interval which in-
cludes the measured lattice parameters of these steels. The
calculated dependence of SFE on the lattice parameter (α)
from linear fitting are 997, 907, and 856 mJm−2 per A˚ for
Fe-22Mn, Fe-15Mn-2Cr and Fe-20Cr-8Ni, respectively.
To transfer the dependence of the SFE on the lattice
constant to the dependence on the concentration of inter-
stitials, we collect the available linear lattice expansion co-
efficients for C and N containing austenites. In general, β
depends on the steel composition [39]. Recently, Lee et al.
measured the lattice parameters of Fe-15Mn-2Cr-0.6C-xN
and Fe-15Mn-xC alloys and for the lattice expansion coef-
ficient β for N and C they obtained 0.064 and 0.041 A˚ per
wt.%, respectively [3, 37]. These two values are therefore
assigned for our Fe-15Mn-2Cr alloy. A linear relation be-
tween the lattice parameter of AISI 316 austenitic stainless
steel (Fe16-18Cr10-14Ni2-3Mo2Mn) and C concentration
at unstrained condition was reported by Hummelshøj et
al. [40]. The corresponding lattice expansion coefficient β
is 0.028 A˚ per wt.%. The lattice parameters for Fe-18Cr-
15Ni-10Mn-xN alloys were measured by Gavriljuk et al.
[41] and the resulted β for N is about 0.025 A˚ per wt.%
which is very close to the value derived in Fe-N steels [42].
These two values are adopted for the present Fe-20Cr-8Ni
alloy. For Fe-22Mn, surprisingly, there is no direct lat-
tice expansion coefficients reported for alloys with similar
compositions. We therefore take the values derived in γ-
Fe, β ≈0.029 A˚ per wt.% for N and β ≈0.032 A˚ per wt.%
for C [42].
With the calculated α = δγ/δa and experimental lat-
tice expansion coefficient β = δa/δcC,N, we can simply
estimate the lattice expansion effect induced by the addi-
tions of interstitials on the SFE according to Eq. (4). Our
results and the corresponding experimental lattice expan-
Table 1: Theoretical and experimental linear coefficients
for the SFE versus lattice constant (α = δγ/δa), lattice
constant versus concentration (β = δa/δcC,N), and SFE
versus N or C concentration (A = δγ/δcC,N = α × β)
relations. The units for α, β and A are mJm−2 per A˚,
A˚ per wt.%, and mJm−2 per wt.%, respectively.
Alloys α β A
N C N C
Fe-20Cr-8Ni 856 0.025g 0.028f 21, -77e 24, 26d,
410e
Fe-22Mn 997 0.029i 0.032i 29 32, 40j
Fe-15Mn-2Cr 907 0.064a 0.041c 58, 53-
102a,
41b, 44h
37, 40c
a Ref. [3].
b In Fe-18Cr-10Mn-0.2Si-0.03C-xN (0.39≤x≤0.69 wt.%)
[7].
c Combined effect of C+N on the SFE of Fe-18Cr-
10Mn [43].
d Ref. [44].
e Ref. [5].
f Ref. [40].
g Ref. [41, 45].
h In Fe-13Cr-19Mn [6].
i Ref. [42]
j Thermodynamic result [1].
sion coefficients are summarized in Table 1.
In Fe-20Cr-8Ni, SFE is estimated to increase by ∼21
mJm−2 per wt.% for N and by ∼24 mJm−2 per wt.%
for C. For comparison, C is obtained to increase SFE
by 26 mJm−2 per wt.% in Fe-Cr-Ni alloys according to
a four-dimensional linear regression analysis by Brofman
and Ansell [44]. However, significantly different values
were also reported by Schramm and Reed, i.e. A=-77
mJm−2 per wt.% for N and A=410 mJm−2 per wt.% for
C [5], which however was strongly criticized by Brofman
and Ansell for large extrapolation errors [44].
In Fe-22Mn, A for N and C are calculated to be 29 and
32 mJm−2 per wt.%, respectively. The calculated A for C
is in nice agreement with previous thermodynamic model
result (A=40 mJm−2 per wt.%) [1]. In Fe-15Mn-2Cr, both
N and C additions lead to an increase of the SFE, which
in general agrees with the observed effect of N and C on
stabilizing the austenitic phase and changing the plastic
mechanism from martensitic transformation to twinning
in TRIP/TWIP steels.
In order to give a direct comparison, the measured SFE
of Fe-15Mn-2Cr-0.6C-xN with respect to N content from
Ref.[3] is re-plotted in Fig. 2. Both XRD and TEM results
indicate a linear increase of SFE with respect to N con-
centration. XRD and TEM give very similar results for
N content up to 0.1 wt.%. For 0.21 wt.% N, TEM result
is much smaller than the XRD and ND results. Linear
fit for the XRD and TEM SFE data results two different
3
composition dependence ratios, A=102 and 53 mJm−2 per
wt.%, respectively. It was argued by the authors that the
TEM is not suitable for measuring SFE higher than ap-
proximately 20 mJm−2 due to the difficulty in accurate
measurement of the inscribed radius of the extended dis-
location node. Discarding the results for 0.21 wt.% N, A
is about 78 mJm−2 per wt.%. Our predicted A for N is in
a nice agreement with the experimental value determined
by TEM, but smaller than the values by XRD [3].
The SFE depends strongly on the local concentrations
of interstitials near stacking faults, other than the overall
concentration [2]. However, it is still controversial regard-
ing the segregation or partitioning of interstitials to the
stacking fault in literature. Petrov et al. observed signifi-
cant C segregation to internal surfaces in Fe-22Mn-0.69C
and the measured SFE first decreases and then increases
with increasing C concentration [46]. Seol et al. found
that in the Fe-Mn steels C can be trapped at phase bound-
aries between austenite and ǫ-martensite, stacking faults in
austenite and prior austenite grain boundaries [47]. How-
ever, a very recent study on the effect of nanodiffusion of C
on SFE showed that the TEM method for measuring SFE
may locally heat the sample and trigger the outward dif-
fusion of C atoms from stacking fault to fcc matrix [2, 48].
Previous ab initio calculations have shown that the chem-
ical effect of C is to strongly increase SFE only when C
atoms are very close to stacking faults (within 1-2 atomic
layer distance). Depletion of C near stacking fault there-
fore decreases the measured SFE by TEM [2]. Similar
mechanism can also be applied for N, which may explain
the smaller SFE by TEM than the XRD and ND results
in the Fe-15Mn-2Cr-xN alloys (Fig.2). The depletion of N
at stacking fault results in the dissipation of chemical ef-
fect and leaves mainly the lattice expansion effect. In this
respect, the fact that our predicted A based merely on
volume effect is in good agreement with the experimental
A from fitting TEM SFE values in Fe-15Mn-2Cr-0.6C-xN
gives an indirect evidence supporting the above nanodif-
fusion mechanism.
In other Fe-Cr-Mn steels, the measured A values are of
similar magnitude. Lee et al. reported that the SFE val-
ues measured by neutron diffraction increase linearly from
10.4 to 22.8 mJm−2 with increasing N concentration from
0.39 to 0.69 wt.% in Fe-18Cr-10Mn-0.2Si-0.03C-xN (wt.%)
steels [7]. The corresponding A is about 41 mJm−2 per
wt.% N. Unfortunately, they didn’t report the change of
lattice parameter with respect to N content. Petrov et al.
reported a similar value in Fe-13Cr-19Mn steel (A ∼44
mJm−2 per wt.% N) [6]. The A for C in Fe-15Mn-2Cr is
calculated to be 37 mJm−2 per wt.% . The combination
effect of C and N on SFE in Fe-18Cr-10Mn was studied by
means of ND and TEM [43]. Three-dimensional linear re-
gression analysis showed that SFE is increasing with C+N
concentration by ∼ 40 mJm−2 per wt.% (C+N).
In summary, the above results demonstrate that a very
large portion of the effect of interstitials on SFE is due to
their effects on the lattice parameter. The deviation of our
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Figure 2: (Color online) The measured SFE for Fe-15Mn-
2Cr-0.6C-xN (wt.%) alloys as a function of N concentra-
tion x. Data reproduced from Ref.[3].
results from the experimental values may be attributed to
several aspects, such as the chemical and magnetic effects
of interstitials on the SFE, the differences in the chemical
compositions of the steels used, the range of N concentra-
tions studied, the measuring equipment used as well as the
theoretical and experimental error bars.
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